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A STUDY OF ION IMPLANTED SILICON USING RUTHERFORD
BACKSCATTERING SPECTROSCOPY WITH ION CHANNELING

Thomas J. Pollock, M.A.
Western Michigan University, 1985

Rutherford Backscattering Spectroscopy with channeling is the
only nondestructive method for analyzing crystals which have been ion
implanted.

An RBS with channeling procedure has been established at

the Accelerator Laboratory of Western Michigan University.

It

utilizes a tandem Van de Graaff accelerator for an incident helium
beam, a goniometer for crystal alignment, and a computer for experi
mental control and data aquisition.

State of the art measurements

can be made with accuracies comparable to other labs.

Specifically,

ion implanted silicon was studied wherein crystal damage due to
implanting was found to vary directly with implanting energy and
fluence and was also reduced by subsequent annealing.

Further

research efforts will find this experimental setup very productive.
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INTRODUCTION

Nondestructive analyses of the near surface of a material can be
done with Rutherford Backscattering Spectroscopy (RBS).

Furthermore,

using an adjunct to RBS called ion channeling, the crystalline state
of both the host and implanted atoms can be determined.

In this

manner a mapping of a material's macroscopic properties to the atomic
structure can be accomplished.

RBS with channeling is extensively

covered by Chu, Mayer and Nicolet, 1978.
With the move toward computerized automobiles, Ford Motor Com
pany is interested in using ion implantation to produce suitable
semiconductor devices.

To analyze the final product Ford has pro

vided the Accelerator Laboratory at Western Michigan University with
a goniometer (a device used to orient the sample crystals with
respect to the beam) and ion implanted silicon samples.

The gonio

meter was installed in the scattering chamber and interfaced to the
LSI 11 laboratory computer to reduce data collection times.

Interac

tive computer programs in Fortran and Macro language were required to
operate the stepping motors on the goniometer and collect data during
channeling measurements.
RBS is a two body elastic scattering process commonly used at
incident beam energies from one-half to five million electron volts.
Depthwise compositional analyses with a high sensitivity to surface
layers can be done.

When the trajectory of the incident beam is

aligned with the crystallographic axis of the target, axial channel-

1
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ing occurs.

The beam effectively 'sees' the crystal axis as a tunnel

and is channeled down the tunnel by the surrounding rows of lattice
atoms.

Planar, as opposed to axial channeling, occurs when the beam

is gui'ded by adjacent planes of lattice atoms.

Channeling can

determine the extent of the damage caused by the implanted atoms and
the lattice position of the atoms.
The advantage of RBS with channeling is the ability to accurate
ly and nondestructively depth profile up to one micrometer (Feldman,
Mayer, & Picraux, 1982, p. 1).

Both electron microscopy and second

ary ion mass spectroscopy require ion sputtering for sub-surface
analysis.

This is not only very machine intensive and time consum-

ming, but also allows for surface relaxation and reconstruction
(Swanson, 1981, p. 71).

Thus, these phenomena make the lattice

position of the implanted atoms very difficult to accurately deter
mine without using RBS with channeling.
An incident beam of 2 MeV, plus-one helium particles was
produced by the HVEC tandem Van de Graaff accelerator.

The alignment

of the beam with the channel axis of the crystalline target was done
with a two axis goniometer.

The beam line met the small beam

divergence requirment of 0.1 degrees and created a beam spot of 2.1lmm
in diameter at the target (Swanson, 1981, p. 63).
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REVIEW OF THEORY

Rutherford Scattering

Rutherford scattering is a simple coulombic binary interaction
which is discussed in many modern physics texts (Tipler, 1979).
Rutherford backscattering occurs when the impact parameter is small
enough to cause

the incident particle to be scattered at angles

greater than 90 degrees, hence the name "back"scattering.

Since ion

channeling is an adjunct to RBS, the pertinent features of RBS will
be reviewed first.
Rutherford backscattering is an elastic process where the energy
after scattering, E-|, is equal to the incident energy, E0, multiplied
by the kinematic factor, K.

K is dependant upon angle and the mass

ratio of the two particles involved. The kinematic factor is given
by:
[1-(M.,/M2 )2sin2 9]1/2

+ (M1/M2 )cos 9 2

---------------

K =

[i+m ^/m21
where

and M 2 are the projectile and target masses, and 0 is the

scattering angle.

This shows the scattering energy’-Toss to be

approximately proportional to the projectile mass and approximately
inversely proportional to the target mass.

The kinematic factor has

been calculated for different target and projectile masses and angles
(Chu, Mayer, & Nicolet, 1978, p. 350).
The probability of a particle being backscattered is expressed
by the differential scattering cross section do/dO.

In the labora

tory reference frame it is given by:

3
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(Z1Z2e2)2

■ dJi

4

— x
(4E)2

[1-((M1/M2 )2sin0)2]1/2 + eos02

- x —
sin40

—

'■

11

[1-((M1/M2 )sin0)2 ]1/2

where Z^ and Z2 are the atomic numbers of the projectile and target
nuclei, e is the electronic charge in statcoulombs, and 0 is one
half the scattering angle.

This shows the probability of scattering

is inversely proportional to the square of the incident energy, E0 .
Therefore as the energy of the projectile decreases, the probability
of scattering goes up.

Also the scattering cross section is much

greater at small angles.
Projectile energy loss, dE/dx, is primarily a result of interac
tions between the incident projectile and target electrons.

The

electronic energy loss per unit length is given approximately by the
Beth-Bloch formulas
dE/dx = NZ2[4 (Z1e2)2/MeV12]ln(2MeV 12/kZ2 )
where NZ2 is the areal electronic density of the target, M e is the
electron mass in grams,

is the projectile velocity in cm/s, and k

is Bloch's constant generally taken to be 10 eV (Chu, Mayer, &
Nicolet, 1978, p. 41).

Note that the energy loss is proportional to

the square of the projectiles atomio number.
Calculating the energy lost by a projectile penetrating a sample
is an integral process since the energy loss is energy dependent.
simplify the calculations, iterative methods have been developed
(Chu, Mayer, & Nicolet, 1978, p. 67 ).

Energy loss for helium

incident on all elements has been tabulated and fitted to a semiempirical function by Ziegler (1977).
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To

The energy loss and kinematic factor give rise to several
important considerations to reflect upon in the choice of a probe
projectile.

Reasons to pick a higher atomic number projectile ares

reduced kinematic factor gives rise to increased elemental resolu
tion, increased energy loss yields better depth resolution, and the
scattering probability is higher.
number projectile ares

Reasons for picking a lower atomic

one can probe a greater depth, and the

detector resolution is better.

Helium ions thus represent a reason

able compromise with the added attraction of having well known
energy loss parameters.
In general the dependencies of the kinematic factor and the
energy loss mechanism indicate a higher projectile atomic number will
lead to a larger spread in the backscattered energies.

These

calculations coupled with the experimentally determined energies of
backscattered particles are used to determine the mass and depth of
the target atom.

For compound targets, linear additivity of the

energy loss mechanism can be assumed (Chu, Mayer, & Nicolet,
1978, p. M3).

Finally, since the energy loss mechanism deals

with electronic energy loss, it will be important to channeling.

Ion Channeling

A channeled particle is guided down the crystallographic axis
through small angle collisions with the lattice atoms.

Each individ

ual angle change is considered to be small enough that the row of
atoms can be treated as a continuum described by a potential.

The
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magnitude of the potential is proportional to the perpendicular
distance to the row, r.

The axial continuum potential is given by:

Ua (r) = (Z1Z2e 2/d)ln[(Ca/r)2+1]
where d is the distance between atoms in the row, a is the ThomasFermi screening radius, and C squared is usually taken to be 3
(Feldman, Mayer, & Picraux, 1982, p. 40).

The continuum model,

first proposed by Lindhard, lies as the basis in our under
standing of channeling.
When a projectile first enters a channel, planar or axial, the
angle of incidence with respect to the rows of atoms comprising the
channel walls must be less than some critical angle if the particle
is to channel (Figure 1).

The

critical angle is calculated by

considering the transverse energy, which is given by the velocity
perpendicular to the channel, of the channeling particle that will
allow it to penetrate within a minimum distance to the lattice row.
If the projectile penetrates closer to the lattice row than the
minimum distance, the continuum model breaks down and the projectile
feels the roughness in the potential due to individual atoms.
Thermal vibration of the crystal atoms Is responsible for variations
in the critical angle with temperature.

At room temperature, the

critical angle for the <110> axis of silicon is 0.65 degrees
(Feldman, Mayer, & Picraux, 1982, p. 41).

Interpretation of Spectra

To understand a spectrum generated by RBS with channeling
requires the use of the kinematic factor, the energy loss mechanism,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Crystal surface
Atomic row In
Train

Continuum Model
f / / / / / / / / / / / / / §»

f

Figure 1. Channeling Trajectory of a Particle Incident on the Crystal Surface at the

Critical Angle.
The transverse energy of the particle at the surface is equal to the
potential energy at rm in . At distances less than rmin the particle scatters

from individual nuclei and the continuum model breaks down.

8

and the scattering cross section.
from a single atom crystal.

Figure 2 depicts a spectrum set

The upper curve is the non-channeled or

random direction spectrum and the lower curve is the channeled or
aligned -spectrum.

The-random spectrum is the same as one would

expect from an amorphous structure, whereas the aligned spectrum
elucidates the structure of the crystal.

In both specta, yields are

given as a function of the backscattered particle’s energy.

For

tungsten crystals, the aligned yield has been reported as low as
one percent that of the random yield (Feldman, Mayer, & Picraux,
1982, p. 45).

The most energetic particles detected are those

backscattered from surface atoms at an energy Es which is
determined by the kinematic factor.

As the particles penetrate

deeper they loose energy according to the energy loss mechanism.
Also as the energy goes down, the scattering cross section goes
up.

This dependence shows up as a slight rise in yield as the

energy decreases.

There is a small peak in the aligned spectrum

due to scattering from the surface layer.

This primarily

results from some projectiles having a small impact parameter
with surfaoe atoms and due to their initial trajectory.
Figure 3 depicts the random and aligned spectra for a crystal
implanted with a dopant which is heavier than the crystal substrate
atoms.

Comparing the aligned spectrum with that of the unimplanted

crystal it is observed that the surface peak has become greatly
magnified.

This large surface peak indicates the crystal has been

damaged in the surface region.

The extent of the damage is given by

r
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SURFACE
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Figure 2. Theoretical Curves for the Random and Aligned RBS
' Spectra Showing the Yield Reduction due to Channeling
for a Single Atom Crystal.
The energy of those projectiles backscattered from the
crystal surface is indicated by Es.
Crystal perfection
is indicated by the magnitude of the yield reduction.
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Figure 3. Theoretical RBS Spectra for the Random and Aligned
Beam Directions for an Implanted Crystal.
A large surface and aligned yield indicate crystal
damage done by the implanted dopant atoms. The
dopant peak width shows the thickness of the implanted
layer. Here the dopant atoms are heavier than ther'
substrate atoms.
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the height of the peak and the depth of the damage by the width of
the peak.

In regions where the aligned yield Is equal to the random

yield the crystal is amorphous.

For an amorphous region there simply

is no aligned direction because there is no structure or no long
range order.

For the above spectrum, the damage peak does not reach

the random yield so there still remains some crystal structure in
this surface region.
The ion implant damaged region begins at the surface and ends
where the implanted atoms come to rest, and is more extensive at the
end of the track.

This is due to the increase in scattering cross

section as the energy of the implanted atom is reduced upon penetra
tion into the crystal. Sometimes the surface damage peak is shifted
to a lower energy than the surface edge of the random spectrum.

This

indicates a thin region of crystalline material on the surface.
In Figure 3> the position of the dopant peak depends on the mass
and depth of the implanted atoms in the crystal.

As the mass is

reduced the implant peak shifts to the left, or to a lower energy on
the spectrum, due to the reduction in the kinematic factor.

As the

implanting energy or depth increases the peak also shifts to the left
since the backscattered particles loose more energy upon greater
penetration.

The dopant density at a specific depth can be calcu

lated from the peak height at a specific energy.

The width of the

dopant peak indicates the thickness of the implanted region.

The

areal density of the dopant can be calculated from the area under the
random dopant peak.

Here the dopant peaks produced from the random

and aligned spectra are identical.

This indicates that the dopant is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

an interstitial impurity located in a channel or between crystal
rows.

For an interstitial impurity, the effective cross section is

no greater for a randomly oriented beam than for an aligned beam.
A second type of impurity is substitutional.

Here the dopant

resides in an actual lattice site displacing a crystal atom.

In this

position the dopant will be hidden from a beam aligned in a channel
ing direction.

The crystal atoms will mask a substitutional impurity

from the beam, thus making the aligned yield much lower than the
random yield for the dopant peak.
Figure 4 shows that it is also possible to get a reduction in
yield from an interstitial impurity if the incident beam happens to
be aligned with the proper channeling direction.

Here the zeroes are

lattice atoms with + and * being interstitial and substitutional
impurities respectively.

In the <100> channeling direction both

impurities appear to be substitutional.

However, in the <110>

direction the interstitial impurity will no longer be hidden from the
beam by the lattice atoms whereas the true substitutional impurity
will remain hidden.

Sometimes it is necessary to channel in two

directions to correctly determine the lattice location of an impurity.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(100)

(110 )
^

Substitutional Impurity

-f-

Interstitial Impurity

O

Host Atom

Figure 4. Latpice Location of an Interstitial and Substitutional Impurity for an FCC
Crystal Structure. .
Projection of channeling particles in the (100) axial direction indicate +
as p substitutional impurity.
But channeling in the (110) direction shows
+ ap an interstitial impurity.
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EXPERIMENTAL SETUP

The first tool required for any scattering experiment is an
accelerator. In this case a HVEC tandem Van de Graaff supplied
helium plus one'ions to a 17 inoh Ortec scattering chamber.

2 MeV

There,

implanted silicon crystals were mounted on a goniometer operated by a
DEC LSI 11 computer, also used for data collection.
In Figure 5, the beam begins as helium plus one in a duoplasmatron source.

It then passes through an optical bench, built at the

physics machine shop, and interacts with lithium vapor as a charge
exchange gas to produce helium minus one.

Then it is accelerated to

the terminal of the accelerator, charge stripped by oxygen gas to
helium plus, and acoelerated away from the terminal to a 90 degree
energy analyzing magnet.

Here the plus one charge state is chosen

and the energy of the beam is defined to within a few hundred
electron volts.

Then the 2 MeV helium plus one beam is directed to

the RBS chamber by a switching magnet.
Helium was chosen because it is easy to produce 20 nanoamps of
beam current on target.

The energy loss factor gives good depth

resolution, plus and minus 400 angstroms for backscattering angles
around 180 degrees.

Also, the kinematic factor makes it possible to

resolve elements which differ by only one atomic mass unit for
elements lighter than sulfur.

One possible means of increasing the

mass and depth resolution would be to use some ion with greater
atomio number,perhaps oxygen, for the beam.

So far this has not been

attempted at Western Michigan University's Accelerator Laboratory.

14
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Figure 5. Diagram of Accelerator Layout Where the Switching Magnet Directs the
He+ Beam to the Scattering Chamber for RBS.
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The scattering chamber and detector setup are shown in Figure 6.
A silicon annular surface barrier detector, with a resolution of 19
KeV, detected particles backscattered from 172 to 178 degrees.

With

a beam diameter of one centimeter at the last quadrupole magnet, the
2.4 millimeter collimators produce a beam divergence of less than .1
degrees. The chamber vacuum averaged 10"-* torr.

A Brookhaven

Instruments current integrator was used to determine the length of
each run, thus making comparison of different silicon samples
straightforward. The integrator was connected to the goniometer
sample holder which was electrically isolated using vespel.

Goniometer

The goniometer was built by Ford Motor Company using the design
of W. Augustyniak, Figure 7 (Chu, Mayer, 4 Nicolet, 1978, p. 182).
It was installed by Chuck Mielke in the lid of the scattering chamber
in June 1984.

The goniometer has 2 axes of rotation with a pseudo

third accomplished by mounting the crystal on a five degree wedge
(Figure 8).

The wedge absorbs any misalingment between the incident

beam and the horizontal rotation axis.

The wedge was later modified

to hold 3 samples on a sliding dovetail bar which could be moved by a
hooked rod mounted in the side of the scattering chamber.

The

samples can be rotated around the horizontal or beam axis in 0.02
degree steps and around the vertical axis in 0.01 degree steps by two
Slo-Syn syncronous stepping motors.

The motors were wired to

individual 24 volt power supplies and controller boards which were
interfaced to the computer.
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S a m p le
Changing Rod

Sample

2.4mm Collimators
Beam
2 Me V He

to Current
10cm

1cm

8cm

Integrator
5° Wedge

8mm Anular Doctor
Detector

Incident

Face

Beam

Figure 6. Top View of the Scattering Chamber Showing the
Detector Arrangement for Detecting Particles
Backscattered Around 180 Degrees.

I ■
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Figure 7. Picture of Goniometer Used to Align Crystal Axes With
the Beam Trajectory.
Upright motor rotates the crystal around the horizontal
axis and the horizontal motor rotates the crystal around
the vertical axis.

I

..
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Figure 8. Mechanical Drawing of the Goniometer Showing the Five
Degree Wedge.
The wedge absorbs any misalignment between the horizontal
rotation axis and the beam axis.
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Computer

CHAN was the computer program used to automate the locating of a
crystals planar and axial channels.
equipped with a help session.
Assemmbler languages.

It is an interactive program

CHAN is written in Fortran and Macro

The operator first initializes the angular

scan via CHAN’s prompts.

The computer then operates the goniometer,

single channel analyzer scalar, and stores the data.

The data con

sist of the number of counts and the angular position of the
goniometer.
CHAN has an interrupt service routine which is activated by a
scalar when a preset count is reached.
beam current integrator.

The scalar is connected to a

The routine stops the SCA scalar, steps the

goniometer, then reactivates the SCA scalar.

Another data point is

then collected and CHAN is dormant until activated by the scalar.
maximum of 3600 data points can be collected in one run.

A

The oper

ator then stores the data on disc and reinitializes CHAN for
another angular scan.
With the use of CHAN each data point requires under 2 seconds,
assuming 50 to 100 nanoamps of beam on target.
random channel directions have been located,

Once the axial and
the CHAN program is

exited and the ALL program is used to collect a full energy spectrum.
CHAN is listed in Appendix A with a summary explaining the commands.
The use of the ALL program has been previously documented (Shilts,
1981 ).

The experimental setup was completed in September 1984.

There
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are possible changes in the setup which would give more detailed
results.

These changes will be covered in the conclusion and

recommendations.
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EXPERIMENTAL PROCEDURE

This procedure was developed under Dr. S.M. Ferguson in the fall
of 1984.

The samples were first cleaned and mounted in the scatter

ing chamber.
then located.

The axially aligned and random angular orientations are
Beam is again allowed in the chamber to collect the

full energy spectra.

A technique for annealing was also developed.

Sample Preparation and Mounting

Cleaning of implanted samples is done with acetone or methanol
and then blown dry with compressed freon, if the surface appears
dirty.

Usually they can be directly mounted in the chamber.

For

implanted samples, acid etchant should not be used, since it would
remove surface layers.

Sometimes a mild etchant is used for evapo

rated surface

films.

The production and use of a mild etchant,

dilute CP-4A,

is covered in appendix B.

Three one centimeter square samples can be mounted on a slide.
If necessary, a scribe can be used to cut the silicon samples.

The

samples must make electrical contact with the slide for proper charge
integration of the beam.

If double-sided tape is used, silver paint

can be placed between the sample and the slide for electrical contact
where the tape has been cut away.
degree wedge of the goniometer.

The slide is then mounted on the 5
Using a sample changing rod mounted

in the side of the scattering chamber, the samples can be easily
moved into position without Jeopardizing the chamber vacuum.

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Locating a Channel

The first step in locating the axially aligned orientation for a
crystal sample is a 360 degree horizontal scan at a vertical or tilt
angle of 10 degrees (Figure 9).

The large reductions in yield at

certain angles represent planar channels.

The planar channel angles

are then plotted on polar graph paper to give the position of the
axial channel which is the intersection of two or more planar
channels (Figure 10).

Here the longitudinal lines represent horizon

tal angles and the latitudinal lines represent vertical or tilt
angles.

Lines are drawn through the dots representing the same

channel since each channel will be crossed twice by the beam.

The

position where lines cross gives the angle of the axial channel.
Great care must be taken when choosing the second angle (dot) for a
given planar channel since there are many axial channels.
To locate the axial channel more accurately, angular scans are
made in the horizontal and vertical directions about the axial
channel position given by the polar plot.

Looking at the polar plot,

to scan in the vertical direction is to move along a line of
longitude.

Likewise, to scan the horizontal direction is to move

along a line of latitude.

With the drawn lines representing planar

channels, it can be roughly seen when the beam will be aligned with a
planar or axial channel.

The horizontal angle is first scanned 40

to 60 degrees in .5 degree steps about the axial channel with the
tilt angle set at the axial channel.

This scan provides a minimum in

the backscattered yield at which the horizontal angle is set while a
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Figure 9. Backseattering Yield rrom an Azimuthal 360 Degree Scan Showing Yield Reduction From
Planar Channels.
The four largest spikes are the two (110) planar channels with the other four being
the two (100) channels, since each channel is crossed twice.
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Figure 10. Polar Plot of Major Crystal Planar Channels (Figure 9).
The lines cross at the angular position of the axial
channel. Remember, the sample is (100) Si mounted on
a five degree wedge.
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6 to 8 degree scan in .1 degree steps is made about the vertical
axis.

This vertical scan gives the minimum in the yield for the

vertical angle at which the axial channel is located to within .05
degrees.

These final scans have experimentally verified the polar

plot method to be accurate to one degree.
To locate a random orientation, a 100 degree horizontal scan is
made with a tilt angle 5 degrees greater than the axial channel tilt
angle.

An angle is picked which is not close to any channels and is

in an area of constant backscattered yield.

Some channels are less

than one degree wide so with a scanning step size of .5 degrees this
position must be chosen carefully.
The step size is a variable parameter which must be chosen for
each scan.

It is the degree increment through which the goniometer

rotates the sample for each data point.

The minimum degree incre

ments are 0.02 and 0.01 degrees for the horizontal and vertical axes
respectively.
are:

The step sizes typically used for the various scans

360 degree scan, 1 degree; horizontal scan, 0.5 degrees;

vertical scan, 0.1 degrees; random scan, 0.5 degrees.
To collect the full energy spectrum in the random direction the
sample is oriented using the CHAN program.

The CHAN program is then

exited and the ALL program, which is connected to a multichannnel
analyzer, is used.

CHAN is then reentered to orient the sample to

the axially aligned position.
For good counting statistics the total charge integrated is at
least 5 microcoulombs for the full energy specta.

This results in

about 3000 counts per channel for the crystal substrate.

During
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angular scanning the total oharge Integrated was about 25 nanocou
lombs, but since the energy window on the SCA is much wider than
those on the MCA, the corresponding number of counts per data point
is about 1500.

It must be noted that the charge integration numbers

are very peculiar to this system due to the escape of seoondary
electrons from the target.

However, they are very reproducible so

that spectra from different silicon samples can be compared.
During the course of the experiment, an electron suppressor was
placed 3 centimeters from the detector.

It was biased at a negative

300 volts to stop secondary electrons, which had been knocked out of
the target by the beam, from reaching the detector.

These electrons

were thought to be the cause of a very large yield at low energy,
which appeared on the full energy spectra.

The suppressor did not

affect the low energy yield, but reduced the measured beam current by
a factor of one half.

It was subsequently removed.

Annealing Procedure

An annealing procedure was developed, which reduces the damage
caused by ion implantation.

The samples are sealed in glass ampletts

in an inert atmosphere of argon using a vacuum pump and tank of argon
both connected to the open end of the amplett.

The amplett is pumped

down and then filled with argon several times.

The pressure inside

the amplett is equalized with that outside and a glass blowers torch
is used to seal the sample in the inert atmosphere.

The samples were

then placed in an electric oven heated to 500° C for 15 to 30
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minutes.

The ampletts are then broken to remove the samples.

The

annealing temperature was chosen using a graph of crystallineamorphous interface movement versus temperature for implanted silicon
(Poate & Brown, 1982).
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Figure 11. RBS Spectra From a Silicon Substrate With a Gold
Surface Film 50 Angstroms Thick.
This spectra was also used for energy calibration in
Appendix C.
The magnitude of the aligned spectra shows
dechanneling of the incident beam caused by the gold
film.
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Figure 12. The Aligned and Random RBS Spectra From a Pure Silicon
Crystal Showing a Large Reduction in Yield due to
Channeling.
The aligned yield is only 5 % that of the random yield.
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RESULTS

Presented here are a few of the over 100 spectra taken using the
RBS with channeling experimental setup at WMU's Accelerator Lab.

All

of the spectra were in excellent agreement with previously published
data for silicon substrate (Feldman, Mayer, & Picraux, 1982).

Often,

annealing implanted samples is required to reduce crystalline damage.
Thus comparison of the damage caused to a sample before and after
annealing is included.

To begin with, the energy calibration

technique for the MCA is covered.
Multichannel analyzers output data by channel number, which must
be calibrated for energy.

To do this, a silicon crystal with a gold

surface film of 50 angstroms was used.

The channel number is linear

in energy so two data points are sufficient for calibration.

The

easiest two points to calculate the energy for are the surface of the
gold film and the gold to silicon interface (Figure 11).

On a plot

of energy versus channel number, the straight line connecting the
above two points is used for the energy calibration (Appendix C).
Figure 12 shows the random and aligned or channeling spectra for
unimplanted crystalline silicon.

In the latter, the small surface

peak is from the interaction of the first two atomic layers (surface
relaxation and reconstruction) with that portion of the beam which
has a channeling trajeotory but has an impact parameter small enough
to be backscattered by surface atoms.

The amount of the aligned beam

which is dechanneled at the surface is dependent upon the extent of
surface relaxation and reconstruction and upon the actual size of the

31
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channel.

This channeling spectrum was taken along the <110> axial

direction which is the largest axial channel for silicon.
channeling yield is 5 % that of the random yield.

The

This is

comparable to the 4 percent typically reported (Feldman, Mayer,
& Picraux, 1982, p. 183).
In the following pages graphs of four silicon samples implanted
with arsenic at fluences of 1 0 ^ and 10^atoms per square
centimeters and energies of 30 and 200 KeV are presented.

It is

important to recognize not only the features of individual spectra,
but also the similarities between those implanted at the same energy
and those with the same fluence.
The first such pair of spectra come from a sample implanted with
1 0 ^ atoms per square centimeter at 30 KeV (Figure 13).

The surface

damage peak and arsenic peak for the aligned spectrum are very
evident, with the channeling yield of the substrate being 10 percent
that of the random yield.

The overlapping of the aligned and random

arsenic peaks indicates the arsenic is primarily an Interstitial
impurity.

Since the width of the damage peak in the channeling

spectrum indicates

the position of the arsenic in the crystal, the

arsenic resides in a near surface region no more than 500 anstroms
thick.

The thickness of the implanted layer is more accurately shown

by the width of the arsenic peak itself, where it is common practice
to take the full width at half maximum (Chu, Mayer, & Nieolet, 1978).
In the spectra set with 1 0 ^ atoms per square centimeter,
implanted at 30 KeV, features similiar to the spectra at higher
doses are noticed (Figure 14).

Here the area under the arsenic peak
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Figure 13. RBS Spectra of a Silicon Crystal Implanted With Arsenic.
The damage to the crystal caused by the implanted atoms
is shown to be in the surface region.
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Figure 14. Random and Aligned RBS Spectra of Silicon Ion
Implanted With Arsenic.
The surface damage peak and an increase in the
aligned yield are shown, with a small but noticeable
peak on the right from the presence of arsenic.
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is about one tenth that of the higher dose, in agreement with the
implanting fluence.

Also the surface damage peak and the channeling

yield are lower, which is what would be expected with a lower
fluence.
Moving to the sample implanted with 1 0 ^ atoms per square
centimeter at 200 KeV, a very peculiar surface peak appears (Figure
15).

The first peak could be from damage caused by the implanted

atoms as they pass through this surface region and the second from
defect clusters caused by the stopping and actual presence of a high
dosage of implanted atoms.

This is similiar to a surface peak

collected from a sample which became heated and, thus annealed,
during implantation (Feldman, Mayer, 4 Picraux, 1982, p. 130).

The

arsenic peak is much wider at this higher implantation energy,
indicating a thicker region of arsenic.

Also the channeling yield is

about 60 percent that of the random yield.

This is a result of the

damaged region changing the trajectories of the incident particles
from a channeling to a dechanneling one.
The fourth spectrum set is implanted with 1 0 ^ atoms at 200 KeV
(Figure 16).

Here the surface damage peak shows a completely amor

phous region for the full path length of the implanted arsenic.
This is indicative of a sample which remained cool during
implantation (Feldman, Mayer, 4 Picraux, 1982, p. 130).

Tlje arsenic

peak is spread out and barely noticeable above the background
with the channeled yield from the substrate being 40 percent of
the random yield.

Also the arsenic peaks for both samples
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Figure 15. RBS Spectra of Silicon Ion Implanted With a High
Dose of Arsenic; 10i§ atoms/cm2 = 10 Crystalline
Layers.
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Figure 16. RBS Spectra of Implanted Silicon Where the Aligned
Yield Shows That the Crystal is Amorphous for the
First Few Hundred Angstroms at the Surface.
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implanted at the higher energy of 200 KeV are shifted to a lower
energy, indicating the atoms are deeper in the crystal.

This is

a result of the backscattered particles losing more energy as
they traverse a greater thickness of the sample.
Annealing is used to reduce the damage caused by ion implanta
tion.

Figure 17 shows the random and aligned spectra before anneal

ing along with the aligned spectrum after annealing at 500°C for 30
minutes for a sample implanted with 10
centimeter at 80 KeV.

arsenic atoms per square

Annealing has significantly reduced the

surface damage peak and slightly lowered the channeled yield.
Usually annealing causes crystal regrowth from the crystal-amorphous
interface.

Also, if the damage region is not completely amorphous,

crystallites can form, creating lateral regrowth.
the the damage region and thus the damage peak.

The former narrows
The later only

decreases the magnitude of the damage, but does not reduce the
thickness of the damaged region.

This regrowth reduces the magnitude

but not the width of the damage peak, which is what is observed from
this spectrum.
Comparison of the aligned yield for the arsenic peaks before and
after annealing shows only small changes.

For temperatures in the

melting range of silicon, above 1000° C, arsenic was found to go from
an interstitial to a substitutional impurity (Feldman, Mayer, &
Picraux, 1982, p. 185).

The annealed spectra discussed here

suggest an ideal temperature for thermal annealing at 550° C
with times in the 1 to 2 hour range.
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CONCLUSION AND RECOMMENDATIONS

The Rutherford Backscattering with channeling experimental setup
at the Western Michigan Uniuversity Accelerator Laboratory can
perform state of the art materials analysis.

Results prove compo

sitional and structural analyses with accurate depth profiling can be
generated.

RBS with channeling is the only technique which can

nondestructively produce these results.

This makes it a primary

participant in revolutionizing electronic devices and circuitry.

The

establishment of the RBS with channeling experimental setup repre
sents great strides forward, but there is much more to be done.
Using the computer controlled goniometer and data acquisition
system, a crystalline sample can be analyzed in less than 1 hour.
The CHAN program U3ed to locate the crystal channels, in conjunction
with the ALL program,used to collect RBS spectra, gives the experi
menter the keyboard control necessary for efficient operation of the
experiment.

The help session included in the program will make

aocurate results easily obtainable for the unfamiliar experimenter.
Data were obtained for silicon samples cut from wafers. Spectra
compared very favorably in form and magnitude to those already
published.

Samples implanted with arsenic all showed damage to the

crystal structure which directly varied in magnitude with implanting
fluenoe and energy and was concentrated in the region of the implan
ted arsenic.

After implantation, arsenic was found to be an inter

stitial impurity and remained so even after minor annealing which
40
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slightly reduced damage to the crystal.

Even though only silicon was

studied, the same procedure would generate equivalently accurate
results for other materials.
Ion implantation, chemical vapor deposition, and molecular beam
epitaxy are all methods which build structures in crystalline
materials.

The accuracy afforded by these methods reduces the size

of the structures, be they circuits, buried layers or some other
electronic device.

This produces faster more complex devices,

requiring less raw material and space.

Nondestructive analysis of

these structures can be done using RBS with channeling, thus making
it an integral part in the development of these methods.
An RBS with channeling experiment can be used for a variety of
materials analysis tasks.

Modifications in the scattering chamber

are needed to use the detector at glancing angles.

This would

increase the depth resolution to 50 angstroms (Figure 18).

A program

can be obtained, such as RUMP written by Doolittle at Cornell
University, to calculate the depth from which a backsoattered
particle comes, given the detector angle and composition of the
material.

The increased depth resolution can then be used to study

the affects of annealing on the damage induced by, and the migration
of, the dopant used in ion implantation.

RBS with channeling is thus

a very powerful analysis technique, which will be the compass to
guide the changes in the field of mioroeleotronics.
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Appendix A

CHAN Program

43
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CHAN PROGRAM
Explanation of Commands for CHAN Program:

A

At the beginning of the program the angular setting of the
goniometer must be initialized. Otherwise the oomputer will
assume both angles are zero.

M

Moves a stepper motor. It first asks which motor, H for
horizontal axis or V for vertical axis. It then asks for the
degrees to be moved.

R

Resets five parameters used by the interrupt service routine.
First the interrupt number must be initialized to one. Then
the scalar to be used must be chosen, 1 to 5. Third is the
size of the angle change or step size. Fourth is the number of
steps which equals the angular width to be scanned divided by
the step size then add 1. And finally the motorto be moved
must be selected H or V.

E

Enables the interrupt service routine. This must be done
following the R command or the interrupt service routine will
not operate.

W

Writes data in the computer onto the

disk.

G

Gets data from the disk.

S

Stopsthe angular

T

Types data in the computer using the teletype.

P

Plots data on the soreen of the terminal. Themaximum number
of counts can be specified by placing a comma followed by the
number of counts, in hundreds, after the P.

Q

Stores the angular setting of the goniometer on disk,quits
program and returns to the monitor.

scan in progress.
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FORTRAN CODE
C
MAIN PRGRAM TO CONTROL CHANNELING EXPERIMENTS.
C
DATA STORED IN EWIND, WHICH IS AN ARRAY CONTAINING
C
THE NUMBER OF COUNTS AT A SPECIFIC ENERGY FOR EACH
C
MOTOR POSITION STORED IN MOTPOS. IINT IS THE NUMBER OF
C
RUNS MADE AT EACH ENERGY. NSCL IS THE SCALER BEING
C ' -USEET AND DEGINC IS THE NUMBER OF DEGREES THE MOTOR IS
C
MOVED. THE TOTAL DEGREES MOVED FOR THE HORIZONTAL ROTATIONAL
C
AXIS AND VERTICAL ROTATIONAL AXIS IS STORED IN DEGH AND
C
DEGV. ALL OF THESE VARIABLES ARE DECLARED COMMON SO THE
C
MANY SUBROUTINES CAN ACCESS THEM.
C
THIS IS AN INTERACTIVE TYPE PROGRAM WHICH ACCEPTS A
C
SINGLE LETTER AS A COMMAND:
M-MOVE MOTOR, S-START RUN
C
D-STORE DATA ON CDISK, R-RESET REQUIRED NUMBERS FOR A NEW RUN.
C
COMMON/SCL/EWIND(720),IINT,NSCL,DEGINC,LIMIT,MTR
COMMON/MOT/DEGV,DEGH
BYTE CMD,MTR,TITLE(14),Z
C
irENABLE INTERRUPTS
CALL SETUP
C
50 TYPE 1
1 FORMAT(' # '$)
irTYPE PROMPT
ACCEPT 2,CMD
2 FORMAT(A1)
C
C
IF(CMD.EQ.'M') GO TO 100
irMOVE MOTOR
irEXPLAIN COMMANDS
IF(CMD .EQ. 'H') GO TO 150
IF (CMD.EQ.'A') GO TO 200
irANGLES?
irWRITE DATA ON DISK
IF(CMD.EQ.'W') GO TO 300
ttGET DATA FROM DISK
IF(CMD .EQ. »G») GO TO 350
itRESET NUMBERS
IF(CMD.EQ.'R') GO TO 600
IF(CMD.EQ.'S') GO TO 900
irSTOP RUN
irTYPE
IF (CMD.EQ.'T*) GO TO MOO
irENABLE INTERRUPT FROM SCALER
IF(CMD.EQ.'E') GO TO 500
irQUIT AD RETURN TO MONITOR
IF(CMD.EQ.'Q') STOP
irPLOT
IF(CMD.EQ.'P') GO TO 700
irDRAW A PLOT
IF(CMD.EQ.'D') GO TO 800
C
TYPE 51
51 FORMAT(• UNKNOWN COMMAND')
GO TO 50
C
C
MOVE A MOTOR
100 TYPE 101
101 FORMAT('WHICH MOTOR ? H OR V •
ACCEPT 2,MTR
TYPE 103
103 FORMAT(' DEGREES ? '$)
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ACCEPT 104, DEG
104 FORMAT(F8.0)

C
C

MOVE SPECIFIED MOTOR SPECIFIED AMOUNT
CALL MOTMOV(MTR,DEG)
GO TO 50

C
’ 150 TYPE 161
161 FORMAT(* A-RESET ANGLES?
M-MOVE MOTORS',/,
§' W-WRITE DATA ON DISK
G-GET DATA FROM DISK',/,
§' R-RESET NUMBERS
S-STOP RUN',/,
§» T-TYPE DATA
E-ENABLE INTERRUPT',/,
S' Q-QUIT AND RETURN TO MONITOR
P-PLOT DATA',/,
§' D-DRAW A PLOT WITH PLOTTER',/,
GOTO 50
C
C GIVE CURRENT ANGLES AND RESET IF DESIRED
200 TYPE 201,DEGV
201 FORMAT(» VERT ANG IS »F6.2)
TYPE 202
202 FORMAT(• CHANGE? Y OR N •$)
ACCEPT 2,CMD
IF (CMD.NE.'Y') GOTO 205
TYPE 203
203 FORMAT(' CHANGE TO ? •$)
ACCEPT 104,DEGV
205 TYPE 206,DEGH
206 FORMAT(' HOR ANG IS 'F6.2)
TYPE 202
ACCEPT 2,CMD
IF (CMD.NE.'Y') GOTO 50
TYPE 203
ACCEPT 104,DEGH
GOTO 50
C
C
STORE DATA ON DISK
C
C
GET A NME FOR SPECTRUM OF FORM DK:'NAME'.DAT
300 CALL GETNAM(TITLE)
CALL CDISK(TITLE)
GOTO 50
C
C
GET DATA FROM DISK
350 CALL GETNM(TITLE)
CALL CDISK(TITLE)
GOTO 50
C
C
TYPE LIST
400 DO 410 1=1,IINT
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POS=MOTPOS(I)
P0S=P0S/50.
H10 TYPE 411,EWIND(I),P0S
411 FORMAT(F10.0,F7.2)
GOTO 50
C
500 CALL TRION
irTURN TRI-STATE ON
GOTO 50
C
C
RESET INTERRUPTNUMBER IINT, SCALAR
# NSCL,DEGREE INCREMENT
C
DEGINC AND TOTAL DEGREES MOVED
INHORIZONTAL ANDVERTICAL AXES,
C
DEGH,DEGV
600 TYPE 601,IINT
601 FORMAT(* INTERRUPT NUMBER = *14* , RESET TO ? •$)
ACCEPT 602,IINT
602 FORMAT (I)
IF (IINT.LT.1.OR.IINT.GT.720) GOTO 600
TYPE 603
603 FORMAT(• RESET SCALAR NUMBER TO »$)
ttANOTHER ENERGY?
ACCEPT 602,NSCL
TYPE 605
605 FORMAT(' RESET DEGREE INCREMENT TO ? '$)
ACCEPT 104,DEGINC
608 TYPE 609
609 FORMATC SET UPPER LIMIT ON TIMES MOTOR IS MOVED »$)
ACCEPT 602,LIMIT
IF(LIMIT.GT.720) GOTO 608
TYPE 101
ACCEPT 2, MTR
GOTO 50
C
C
C
PLOT
700 TYPE 701
701 FORMAT(• STEP SIZE IN DEG ? »$)
ACCEPT 104,STEP
STEP=STEP*50
ttCONVERT FROM DEG TO MOTOR STEPS
AMIN=0
ttMIN ANGLE PLOTTED
EMAX=EWIND(1)
MAXA=MOTPOS(1)
DO 705 J=1,IINT
IF (EWIND(J).GT.EMAX)EMAX=EWIND(J)
IF (MOTPOS(J).GT. MAXA)MAXAsMOTPOS(J )
705 CONTINUE
MAXS=MAXA/STEP
IF(MAXS.LT.1024)G0TO 710
TYPE 706
706 FORMAT(» PLOT WILL NOT FIT} ENTER MIN ANGLE *$)
ACCEPT 104,AMIN
710 MIN=AMIN*50./STEP
MAX=1023+MIN
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730
735

740

741
745

CALL ERASE(LINE)
DO 730 J=1,IINT
X=MOTPOS(J )/STEP
IF(X.LT.MIN.OR.X.GT.MAX)GOTO 730
Y=EWIND(J)*700/EMAX
IY=Y
IX=X
CALL PTPLT(IX,IY)
CONTINUE
CALL QAINI
CALL XHAIR(IX,IY,Z)
IF(Z.EQ.'M')GOTO 740
GOTO 50
CALL MARK(IX)
DEG=(IX+MIN)»STEP/50
CALL HOME(LINE)
TYPE 741,DEG
FORMAT(’ DEG = *F7.2)
DO 745 J=1,1000
CONTINUE
GOTO 735

C
C
HP PLOT
800 CALL HPST
TYPE 801
801 FORMAT(• EMAX = ? ’,$)
ACCEPT 104,EMAX
CALL OUT(PA0,0,PD,1,9)
DO 810 J=1,IINT
POS=MOTPOS(J)
POS =P0S/1.8
IF(POS.GT.32000)P0S=30000
IX=POS
YYsEWIND(J )*7000/EMAX
IF(YY.GT.32000)YY=30000
IY=YY
810 CALL HPLT(IX,IY)
CALL OUT(’PU,PA0,0,9)
GOTO 50
C
900 CALL TRIOFF
irLEAVE WITH ALL TRI-STATES OFF
GOTO 50
END
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Use and Produetion of CP-HA Btohant

Clean the silicon surface as follows:
1. Soak in acetone for approximately 10 minutes

Z. Dip

in dilute CP-HA etchaat -for about 30 seconds

3. Rinse with distilled water
H. Rinse with acetone
5. Blow off with compressed freon
Dilute CP-HA is 10 parts distilled water to one part concentrated
CP-HA.
Concentrated CP-HA is:
5 parts HNO^

(concentrated nitric acid)

3 parts HF

(concentrated hydrofloric acid)

3 parts CH^COOH (concentrated acidic acid)
Be extremely careful in handeling HF.

Use rubber gloves etc.
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Energy Calibration of Speotra

Calibration of Multichannel Analyzer; Channel Number vs Energy
The sectrum used for calibration was taken from a silicon
substrate with a 50 angstrom gold film evaporated onto the surface
(Figure 10) Calibration points were the gold surface and the goldsilioon interface. The backscattered energies were calculated using
kinematic factors for He+ at a scattering angle of 175°.
Detected Particle Energy Calculation:

= ,9222»2MeV
= 1.8444MeV
Esi = Ksi*E1 “ELI*Tin " EL0*Tout

Ex
Kjj
EQ
Ei
eLI
El o

=

.5635*1.9966MeV - 67ev/A*50A - 74ev/A»50A

=

1.1251MeV - .0033MeV - .0037MeV

=

1.1181Mb V

Energy of detected particle
Kinematic factor for element x
Incident beam energy
Beam energy at Au-Si interfaoe
Average energy loss per angstrom on ineomming path
Average energy loss per angstrom on outgoingpath

Energy loss values were calculated from He stopping cross seotion
factors; table 4 in Chu, Mayer, and Nicolet.

r

..................................
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHANNEL NUMBER

53

in

co

v>

LU

ru
CM

F

CD

■

it.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

BIBLIOGRAPHY

Campisano, S. U.; Foti, G.; Rimini, E., 1980, Solute Trapping by
Moving Interface in Ion Implanted Silicon, Applied Physics Letters
37 C8) 5719 •
Cellar, G. K.; Poate, J. M.; Rozgonyi, G. H.; Sheng, T. T, 1979,
C. W. Infrared Laser Annealing of Ion Implanted Silicon, J.
Applied Physics, 50(1):7264.
Chu, W. K.; Mayer, J. W.; & Nicolet M. A., 1978, Backscattering
Spectroscopy, Academic Press, New York.
Doolittle, L. R., 1985, A Semiautomatic Algorithm for Rutherford
Backscattering Analysis, Proceedings of the Seventh International
Conference on Ion Beam Analysis, North-Holland, Amsterdam.
Erikson, L.; Davies, J. A.; Johanson, N. G. E.; Mayer, J. W., 1969,
Implantation and Annealing Behavior of Group 3 and 5 Dopants in
Silicon as Studied by the Channeling Technique, J. Applied Physics
110:842.
Feldman, L. C.; Mayer, J. W.j & Picraux, S. T., 1982, Materials
Analysis bylonBeam Channeling, Academic Press, New York.
Fontel, A.; Arminen, E.; Leminen, E., Dechanneling of H and He Ions
in Silicon, Radiation Effects 12(3-4):255-260.
Foti, G.; Csepregi, L.j Kennedy, E.; Pronko, P. P.; Mayer, J. W.,
1977, Dechanneling of MeV He Ions by Twinned Regions in Implanted
Si Crystals, Physios letters 64A:265.
Huez, M.; Copprillsni, F.; Restelli, G., 1977, Channeling Effect
Measurements of Arsenic Implants into Silicon, Radiation Effects
32:147-154.
Kumakhov, M. A.,1972, A Theory of Flux Peaking Effects in Channeling,
Radiation Effects 15:85-99.
Marcus, G. H.; Olson, N. T.; Ryan, J. Z., 1972, Radiation Damage
Studies in Si and Ge Using Channeling, Trains. Am. Nucl. Soc.
15(2):731-2.
Matsunami, N.j Itoh, N., 1976, Validity of the Continuum
Approximation in Scattering Yields for Atom Location, Radiation
Effects 31(1):47-52.

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

55

Morita, K., 1971, Dechanneling of Heavy Charged Particles in Diamond
Lattices, Radiation Effects 14:195-202.
Ohnura, Y.; Inowe, T.; Yamamoto, Y., 1978,Spatially Varied
Activation of Ion Implanted As During the regrowth of Amorphous
Layers in Si, J. Applied Physics 49(6):3597.
Poate, J. M.; Brown W. L., June, 1982, Laser Annealing of Silicon,
Physics Today, Vol. 35, No. 6.
Shilts, R. L., 1981, A Study of the Films Producedby the
Aluminum/Water Reaction using Rutherford Backscattering
Spectroscopy, (M.A., Physics)— Western Michigan University.
Sigurd, D.; Bjorkqvist, K., 1973, Channeling Studies of Ion Implanted
Si,Radiation Effects )71209•
Swanson, M. L., 1982, The Study of Lattice Defects by Channeling,
Rep. Prog. Phys. Vol. 45.
Tipler, P, 1969, Modern Physics, Worth Publishers Inc., New York N.
Y., p. 133.
Tokuyama, T.j Miyao, M.; Yoshihiro, N., 1978, Nature and Annealing
Behavior of Disorders in Ion Implanted Silicon, J. Applied Physics
17(8):1301-15.
Tombrello, T.A.; Claywood, J.M., 1973, Molecular-Ion Effects in
Backscattering from Aligned Silicon Crystals, Physical Review
B8(7): 3065-70.
Westmoreland, J. E.; Mayer, J. W.; Eisen, F. H.j Welch N.,1969,
Analysis of Disorder Distributions in Boron Implanted Si, Applied
Physics Letters 15(9):308-10.
Ziegler, J. F., 1977, Helium: Stopping Powers and Ranges in all
Elemental Matter, New York: Pergamon Press.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

